Introduction
Over the past few decades, miniaturized analytical systems known as microfluidics, micro-total analysis systems (μ-TAS), and lab-on-a-chip have been attracted much attention.
1,2 Various kinds of chemical and biochemical processes have been integrated into microfluidic channels (microchannels) on a substrate for realizing advantages including easy analysis, highspeed reaction, low reagent consumption, and small sample volumes, unlike that typically seen in bulk-scale reactions. In order to further maximize the performances of the microdevices, the fabrication of microchannels is a key technology. In particular, the utilization of microchannels and micropillars with high aspect ratios, tens of μm-deep, enables advanced application and functionality of microdevices.
In addition, from a nanofluidics viewpoint, microchannels play an important role as a junction to nanochannels for controlling fluids and electrical resistance. [3] [4] [5] [6] Poly(dimethylsiloxane) (PDMS) has been widely used as a material for fabricating microchannels. [7] [8] [9] The main advantages of PDMS include the ease of the fabrication processes along with low costs. However, the compatibility of PDMS with microchemical processing is limited due to its low chemical resistance to organic solutions. On the other hand, fused silica glass, which has a high purity, a high chemical and mechanical stability, and high optical transparency, has proven to be a suitable material for chemical and biochemical microfluidic devices. The fabrication of fused silica-based microchannels has been carried out using various techniques including ion milling, drilling, blasting, and etching. 10, 11 Among these techniques, etching is expected to have the greatest potential for application in the fabrication of fused silica, because it makes it possible to fabricate efficient structures with high resolutions, large areas, and various shapes and sizes. The etching processes are broadly categorized into either wet etching or dry etching. Wet etching processes using hydrofluoric acid or potassium hydroxide solutions are conventionally available in the fabrication of microchannels. [12] [13] [14] [15] However, wet etching processes often generate undesired over-etching or etching defects arising from the difficulty in controlling the solution composition and reaction times, and is also tainted by the formation of non-rectangular shapes due to isotropic etching and low aspect ratios (usually lower than 1.0). Moreover, such strong acidic solutions are toxic and not environmentally friendly. In order to overcome the disadvantages of wet etching, plasma dry etching processing has progressed, and the fabrication of rectangular-shaped microchannels with high aspect ratios on a fused silica substrate has been realized. [16] [17] [18] [19] Unfortunately, even in plasma dry etching, spattering and/or the electrodeposition of metals such as Ni and Cr as mask materials onto a substrate is required, because the etching resistance of general photoresist materials is poor. The utilization of a metal mask also leads to technical troubles and increases costs. Therefore, an easy, low cost, and metal-free fabrication process is desired for the production of microchannels featuring rectangular-shape attributes and high aspect ratios on a fused silica substrate. Some groups have presented metal-free fabrication methods of microchannels by using only photoresist without a metal mask. 18, 19 For example, for a fused-silica glass, an etching rate of 5 nm s -1 , a vertical angle of 82 , and surface roughness of a few nm-scale have been demonstrated using photoresist mask. However, some issues that require solutions still remain including insufficient etching rates, channel shape, and surface roughness. A higher etching rate is required to † To whom correspondence should be addressed. In order to advance the performances of micro chemical and biochemical systems on a chip, the fabrication of microstructures such as channels and pillars is an essential basic technology. However, conventional fabrication methods based on wet etching have limitations in their applications for device engineering. In this study, we report on a new microchannel fabrication process on a fused silica substrate using photoresist and plasma etching based on C3F8, CHF3, and Ar gases. Deep, rectangular microchannels, having vertical angles close to 90 , 10 μm-scale deep and low surface roughness of less than 1 nm, could be fabricated on a fused silica substrate at high etching rates on the order of 5 -7 nm s -1
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Etching gas compositions also significantly affect the fabrication conditions. Practically, SiO2 can be etched by CFx ions such as CF3 + generated from fluorocarbon gases in etching processes, and the deposition of F/CF radicals on the surface has also occurred. The radical species enable the promotion of SiO2 etching, whereas also reducing the etch selectivity of SiO2 over the resist due to chemical reactions between F atoms and the resist. Several studies have verified that H atoms, which are produced by the addition of H2 or hydrofluorocarbon (CFx) gases, can act as scavengers against F/CF radicals in the gas phase, resulting in the formation of carbon-rich layers on the photoresist. 20, 21 Thus, in this study, we aim to establish a metal-free fabrication method that can fabricate microchannels with a high etching rate and low surface roughness on a fused silica substrate using photoresist. Mixing gases consisting of fluorocarbon (C3F8), hydrocarbon (CHF3), and Ar are applied, following which the etching rates and the surface roughness of etched microchannels are evaluated.
Experimental
The fabrication procedure using UV lithography was basically the same as that described in our previous reports, 22,23 while a negative photoresist was used for deeper microchannel fabrication. A quartz glass substrate (VIOSIL-SX, ShinEtsu Quartz Co., Ltd.) with a size of 30 × 70 mm and a thickness of 0.7 mm was used. After a fused-silica substrate was coated using 1,1,1,3,3,3-hexamethyldisilazane (HMDS, Wako Pure Chemical Industries, Ltd.), the substrate was backed for 5 min at 110 C. The HMDS-modified hydrophobic substrate was spin-coated with KMPR ® 1035 (Microchem Corporation) and backed for 20 min at 100 C inside an electric furnace. The photoresist thickness was estimated as being approximately 60 μm. UV light was irradiated through a photomask with line & space micropatterns (width of 20 -100 μm, length of 60 mm) as shown in Fig. 1 onto the substrate, following which the substrate was backed for 5 min at 120 C. Finally, the UV lithographic micropattern was developed using a SU-8 developer (Microchem Corporation) and rinsed in ultra-pure water.
The KMPR-coated substrate was etched by using a plasma etching instrument (NLD-570, ULVAC Co., Ltd.) with the parameters of the APC (Automatic Pressure Control) set at 0.40 Pa, an antenna power of 800 W, and a bias power of 300 W. The frequencies applied to the antenna and substrate electrodes were determined to be 13.56 and 12.5 MHz, respectively. Two kinds of etching gas compositions, with and without Ar gas, were prepared: the first composition being a mixture of C3F8 with 10 sccm and CHF3 with 10 sccm, and the second composition a mixture of C3F8 with 10 sccm, CHF3 with 10 sccm and Ar 20 with sccm. After etching, the channel depths and the surface profiles were measured using a WYKO ® optical profiling system (NT9100A, Veeco Instruments). In addition, measurements of the surface roughness were performed using an atomic force microscope (AFM; SPA-400, SII Nano Technology Inc.). Figure 2 shows the etching time and gas composition dependence on the fabricated channel depth for a fused-silica substrate. The fabricated channel depth was found to demonstrate a good linear relationship with the etching time. The etching rates obtained from the slopes in Fig. 2 were 5.5 and 7.1 nm s -1 for mixtures of C3F8/CHF3 with 10/10 sccm and C3F8/CHF3/Ar with 10/10/20 sccm, respectively. The addition of Ar gas was found to lead to an acceleration in the etching rate of fused silica. The result of our study showed the same tendency with a previous study. 18 Such acceleration would result from a reduction of the CFx radical fluxes due to Ar dilution and increases of the plasma densities by adding Ar, because they make it possible to inhibit CFx film deposition on the surface and enhance the effects of ion bombardment on the surface, respectively. 20, 24, 25 It is also noteworthy that the realized etching rate of 7.1 nm s -1 is much higher than the etching rate using the photoresist of previous reports. 18, 19 Moreover, the results concerning the surface roughness of the bottom surface in fabricated microchannels are shown in Figs. 3 and 4. One etched sample consisting of 19 μm channel depth was prepared using C3F8/CHF3/Ar with 10/10/20 sccm and an etching time of 2840 s. On the other hand, the etched sample with 18 μm channel depth was fabricated by using C3F8/CHF3 with 10/10 sccm and an etching time of 3300 s. As can be seen from the WYKO ® profiles in Figs. 3(A) -3(C) , the non-etched surface displayed a relatively uniform surface roughness with differences in heights of approximately 20 nm (Fig. 3(C) ). Although the etched surfaces (Figs. 3(A) and 3(B) ) showed uniform surface roughness consisting of about 20 nm height differences as is the case for a non-etched surface, a few spikes of about 50 -75 nm appeared regardless of the gas compositions. The etched surfaces in Figs. 3(A) and 3(B) showed uniform surface roughness consisting of about 20 nm height differences as is the case for a non-etched surface, but a few spikes appeared of about 50 -75 nm regardless of the gas compositions. These results indicate that the surface roughness with a 10 nm-order accuracy is difficult to be evaluated by means of a WYCO ® profiler due to a lack of resolution, and that the profiler is an adequate tool for confirming the existence of 50 nm-sized residual particles on the surfaces. Therefore, the area surface roughness was evaluated by AFM. The results are shown in 07 nm) . However, on the whole, such roughness of less than 1 nm is much smoother than that given in previous reports. 18, 19 The cross-section of fabricated microchannels, etched using the conditions of C3F8/CHF3/Ar gases of 10/10/20 sccm for 5000 s, were also examined using a microscope. A crosssectional view of a microchannel after the removal of photoresist is shown in Fig. 5 . It was found that nearly rectangular microchannels with vertical angles of 89 and depths of 35 μm were obtained. This fact indicates that the combination of plasma etching based on C3F8/CHF3 gases and photoresist enables us to fabricate deep microstructures with low surface roughness on a fused-silica substrate. However, small trenches appeared at the bottom corners of the surface. A previous study found that the degree of trenches is dependent on the gas pressures, and that the trenches are successfully reduced by increasing the chamber pressures (more than 40 mTorr = 5.3 Pa). The residence time of the etching gases in the chamber is reduced with decreasing the gas pressures. In that case, since both the collision reactions between the CFx radicals and the surfaces and radical recombination reactions are less likely to occur, the density of the CFx radicals is considered to be enhanced. Such high CFx radical fluxes generate uneven radical deposition at the center or side of the bottom surface, causing an enhancement of microtrench formation. Accordingly, it would be considered that the cause of the mirotrenches shown in Fig. 5 is a much lower pressure of 0.40 Pa used in this study. Since such trenches will have bad influences on fluidic control and detection in the microchannels, a microchannel having a flat bottom surface and a sidewall is expected to be fabricated by increasing the chamber pressures.
Results and Discussion

Conclusion
We succeeded to establish new plasma etching conditions for the fabrication of vertical and deep microchannels on a fusedsilica substrate by using a KMPR ® negative photoresist and C3F8, CHF3, and Ar gases. During the etching conditions, although some spikes and trenches were observed, high etching rates, low surface roughness, and rectangular channel shapes could be improved compared to microstructures obtained in previous reports. This fabrication method can be useful as an easy, simple, and inexpensive fabrication method for fusedsilica microstructures.
